Mathematical models for nitrous oxide (N 2 O) production by ammonia oxidizing bacteria (AOB) based on a single pathway have been proposed to support the design and operation of wastewater treatment plants (WWTPs). However, the boundary conditions for each of these models have not been established to date. This study tests the predictive ability of two single-pathway models based on the AOB denitrification pathway and the hydroxylamine (NH 2 OH) oxidation pathway, respectively, to 
Introduction
The emission of nitrous oxide (N 2 O) from wastewater treatment plants (WWTPs) is of great environmental concern due to its strong global warming potential and ability to deplete the stratospheric ozone layer [1, 2] . Ammonia oxidizing bacteria (AOB) have been recognized to be the main contributor to N 2 O production during wastewater treatment via two main pathways: (i) the reduction of nitrite (NO 2 -) to N 2 O via nitric oxide (NO), known as AOB denitrification and (ii) N 2 O as a side product during incomplete oxidation of hydroxylamine (NH 2 OH) to NO 2 - [3] [4] [5] [6] [7] [8] . Increasing evidences show that dissolved oxygen (DO) and NO 2 -are the two key affecting factors that play pivotal roles in regulating N 2 O production by AOB via different pathways [3, [9] [10] [11] [12] [13] .
Based on the two known N 2 O pathways, several mathematical models have been proposed in order to evaluate the effect of process configuration and operation on N 2 O emission and develop mitigation strategies, including single-pathway models and a model with two pathways. The conceptual structures of three representative N 2 O models are presented in Figure 1 . The AOB denitrification model ( Figure 1A ) is based on the AOB denitrification pathway, whilst the NH 2 OH oxidation model (Figure 1B) assumes that N 2 O production is due to the reduction of NO produced from the oxidation of NH 2 OH [14, 15] . The two-pathway model ( Figure 1C ) incorporates both the AOB denitrification and NH 2 OH oxidation pathways [16] .
By conducting side-by-side comparison of the two single-pathway models with experimental data reported in literature, Ni et al. [14] demonstrated that none of the single-pathway models can reproduce all the N 2 O data, probably due to the fact that the two pathways are affected by operational conditions differently [5, 8] . In this sense the two-pathway model enhanced our ability to predict N 2 O production by AOB during wastewater treatment under different conditions, which has been demonstrated to be applicable to various systems under different DO and NO 2 -conditions [10, 11, 16, 17] . However, the single-pathway models have simpler structures and fewer parameters, which bring convenience to model calibration, and could be used preferably under certain conditions. However, such conditions have not been established. 
Materials and methods

Mathematical models for N 2 O production
The stoichiometric matrices and kinetic expressions for the three mathematical N 2 O models presented in Figure 1 are summarized in Table S1 and S2 in the Supplementary Information (SI). The AOB denitrification model (Table S1) synthesizes two aerobic processes and two anoxic processes. [4] . For both models, N 2 O is produced during anoxic processes and the difference between aerobic and anoxic maximum reaction rate was considered through the anoxic reduction factor (η AOB ). The different assumptions with regard to the effect of DO on NO reduction in the two single-pathway models are due to the different enzymes involved in the AOB denitrification and NH 2 OH oxidation pathways [8] . The two-pathway model (Table S1) Table S2 were calculated by normalising the simulated N 2 OR data with the assumed AOB biomass concentration (i.e. 500 mg VSS/L). The investigated ranges of DO and NO 2 -cover a broad range of conditions in a typical wastewater treatment system. The design with more levels in the lower ranges is due to the fact that the affinity constants of oxygen and nitrite for the three models are 0.61 mg O 2 /L and 0.14 mg production, which could certainly be applied to other single-pathway model structures.
Calibration of single-pathway models under steady-state and dynamic conditions
The parameters related to the regular ammonia oxidation process, shared by all three models, are assumed to be identical. The same values from literature were applied to all three models (Table S2) , which ensured the simulated ammonia, nitrite and nitrate data by these three models were identical and any changes of these literature values, if needed, would exert the same impacts on all the models and thus would not affect our results regarding the applicable regions (mainly measuring the differences between models rather than the particular output of models). Prior to model calibration, we performed sensitivity analysis of key parameters involved in N 2 O production in single-pathway models and identified the anoxic reduction factor (η AOB ) being the most critical one. We therefore only calibrate the anoxic reduction factor (η AOB ), the key parameter determining the N 2 O production rate in both single-pathway models, based on the N 2 OR data generated by the two-pathway model in each case. It is realized that a change of some of the unique parameters of importance in determining N 2 O production in the two-pathway model may lead to variation of the estimated values of η AOB . Therefore, we also performed sensitivity analysis of some key parameters in the two-pathway model on the estimated η AOB value and the results will be discussed subsequently. As for the remaining parameters in the three models, they are expected to cause negligible errors due to their minor influence on N 2 O production.
For the steady-state simulation results, η AOB can be uniquely determined for each of the two single-pathway models for the DO and nitrite concentrations applied in each case. The suitability of a single-pathway model is evaluated based on two criteria: 1) the value of the calibrated η AOB should be approximately constant, independent of the DO and nitrite levels; 2) the value of η AOB should be in a feasible range (0 -1.0) under any conditions.
For the dynamic simulation, parameter η AOB for each single-pathway model was estimated by minimizing the sum of squares of the deviation between the simulating results of the single-pathway model and the two-pathway model. AQUASIM was used to perform the estimation of parameter η AOB [19] . The objective function to be minimized in the parameter estimation is as follows [20] :
where y TM,i and y(η AOB ) i are the N 2 OR values predicted by the two-pathway and single-pathway model, respectively, at time t i (i from 1 to n).
Analysis of variance (ANOVA) is used to assess the quality of fit between a singlepathway model and the two-pathway model.
Results
N 2 O production prediction by the two-pathway model
The two-pathway model has previously been demonstrated to be able to predict N 2 O production by AOB at different DO and NO 2 -conditions in different systems [10, 11, 16, 17] . Figure 2a shows [11, 13, 21] . Similarly, the inhibitory effect of high DO on N 2 O production by AOB are supported by Tallec et al.
[13] and Yang et al. [21] . At each DO concentration, the simulated biomass specific 
The performance of the single-pathway models
The performance of the two single-pathway models for the steady-state simulations was evaluated based on the η AOB variations under various conditions. The estimated values of η AOB for the AOB denitrification model and the NH 2 OH oxidation model under different conditions are shown in Figure 3 .
With regard to the AOB denitrification model, the following observations are made:
• At each NO 2 -level, the value of η AOB in the AOB denitrification model is very sensitive to DO concentration and increases almost linearly as DO increases from 0.05 to 5 mg O 2 /L in Figure 3a , suggesting that the AOB denitrification model would only be applicable when DO is constant.
• 
Discussion
In this study, a previously proposed two-pathway N 2 O model was used to generate N 2 O production data at different DO and NO 2 -levels, which were then used to calibrate two single-pathway models in order to identify conditions under which a single-pathway model can reproduce the two-pathway model outputs. The study was aimed to provide guidance for selection of a single-pathway model for practical applications, according to operational conditions. The results indicate that neither of the two single-pathway models are able to describe the N 2 O data under all the investigated conditions, which is consistent with the studies by Ni et al. [14] and Spérandio et al. [22] , where single-pathway models were compared with short-term and long-term process data. However, this study revealed specific conditions under which the two single-pathway models can be used to replace the two-pathway model.
These conditions are as depicted in Figure 5 and summarized as follows:
(1) For the AOB denitrification model to be used, it is critical that the DO concentration in the system is well controlled at a constant level, which could be the case in many wastewater treatment reactors. It can be applied either at low DO concentration (< ~ 0. performed sensitivity analysis by varying these three parameters by ±50%. In all cases, the changes in the calibrated η AOB value were below 10%. Consequently, the applicable regions as depicted in Figure 5 were insensitive to these variations.
In this study, both of the selected DO and NO 2 -ranges are representative for a domestic wastewater treatment. However, the nitrite level could be as high as 500 mg N/L when treating anaerobic digester liquor. NO 2 -concentration of over 50 mg N/L would exert an inhibitory effect on N 2 O production by AOB in a nitritation system treating anaerobic sludge digestion liquor [23] . NO 2 -concentration exceeding 500 mg N/L has been reported to completely suppress the AOB denitrification pathway [16] .
This, along with the relatively low pH in a partial nitritation system, results in and 30%, respectively, to the N 2 O production according to the two-pathway model (Figure 2b & c) . Nevertheless, the overall N 2 O production could be described by either single-pathway model through calibrating of η AOB ( Figure   3 ). In such cases, the single-pathway models may incorporate the contribution of the N 2 O pathway that is excluded from the model structure through calibration of η AOB . As revealed in this study, this is unfortunately not always the case ( Figure 5 ). conditions is required to validate the applicable region.
Conclusions
This study tested the predictive ability of two single-pathway models based on the AOB denitrification pathway and the NH 2 OH oxidation pathway, respectively, to describe the N 2 O data generated by a two-pathway model. The main conclusions are:
• For the AOB denitrification model to be used, it is critical that the DO concentration in the system is well controlled at a constant level, which could • Under other conditions, the two-pathway model should be applied. 
